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(i) 

I 

ABSTRACT 


(a)  The  frequency  distribution  of  river  bed  stone  size  from  the  largest 


to  one  tenth  the  largest  was  found,  to  a  good  degree  of  approximation,  to 
be  logarithmic  normal,  whether  in  terms  of  number  of  stones  or  weight  of 
stones  in  a  sample. 

(b)  Over  the  small  size  range  available,  equivalent  spherical  diameter 
varied,  on  an  average,  directly  as  triaxial  size  (thickness);  c|>  =  1.55  o<  . 

(c)  Median  size  of  stone  by  weight  approximated  1,8  times  that  by  number, 

(d)  In  terras  of  somewhat  subjectively  determined  values  of  Fbo  > 
obtained  from  analysis  of  low-flow  data,  values  of  X  were  calcxilated  in 


where  Djj^  is  the  equivalent 


the  empirical  formula 


t 


spherical  diameter  in  inches  of  the  median  stone  size  by  weight, 

(e)  Using  low  flow  slope  data  and  assuming  negligible  bed-load  charge  the 
steepest  river  reaches  in  24.5  miles  gave  meander  coefficients  (for  slope) 
consistent  with  general  belief  provided  was  of  the  order  of  size 
suggested  by  Dr,  Blench, 

(f)  Confirming  Bhattacharya' s  experiments  on  1,7  nim,  gravel  in  a  laboratory 
flume,  using  a  larger  apparatus,  it  was  found  that  dropped  from  about 
4.3  with  a  discharge  intensity  of  0,6?  cfs,/ft,  to  about  1,2  at  1,9  cfs,/ft. 
The  .corresponding  D^/l2d  ratios  are  0,012  and  0,0039. 
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CHAPTER  I 
INTRODUCTION 

lol.  In  1961  the  Alberta  Government  Water  Resources  Department  undertook 
a  georaorphic  survey  programme  on  which  the  author  was  employed.  Their  objects 
were  (i)  to  obtain  quantitative  information  that  could  be  used  to  answer 
engineering  problems  related  to  interference  with  channel  regime,  e.g, ,  build¬ 
ing  a  dam,  and  (ii)  to  test  regiiLo  relations  believed  to  have  special  dynamical 
significance.  In  selecting  a  river  on  which  to  begin  these  studies,  the  Depart- 
ment  looked  for  one  on  which,  over  its  length  within  the  boundaries  of  the 
province,  covild  be  found:- 

1.  Varying  degrees  of  slope 

2.  Varying  size  and  quantity  of  bed -load 

3.  Reaches  of  relatively  meandering  channel  and  reaches  of 
straight  channel 

A.  Accurate  discharge  and  gauge  readings  over  an  extended 
period  of  years. 

Of  the  rivers  that  qualified  in  this  respect,  the  Red  Deer  River 
was  chosen  since  in  addition,  it  is  possible  that  in  the  future  artificieil 
control  may  be  established  in  its  headwaters.  Under  such  conditions,  it  would 
be  essential  to  know  the  character  of  this  river  in  terms  of  regime  theory  in 
order  to  predict  the  effect  such  controls  may  or  may  not  have  on  the  regime  of 
the  river.  The  first  site  chosen  for  the  initial  investigations  was  in  the 
vicinity  of  the  City  of  Red  Deer,  consisting  of  a  reach  24,5  miles  long,  ex¬ 
tending  from  9«1  miles  upstream  of  the  Red  Deer  railway  bridge  to  a  point  15.4 
miles  downstream  of  it.  This  reach  was  chosen  because:— 

1,  It  meanders  without  appreciable  braiding  (Figs,  1  to  4) 

2,  It  is  fairly  well  incised 
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3«  it.  has  gravel  of  about  2"  median  size  on  the  bed  and  generally 
this  size  and  finer*  can  be  found  on  the  sides, 

4.  The  gauge  site  is  located  at  the  City  of  Red  Deer  highway  bridge 
for  which  discharges  and  gauge  readings  have  been  recorded  from 
January,  1912,  The  data  for  the  gauging  station  are  as  follows 

(i)  The  catchment  area  is  4420  square  miles, 

(ii)  The  highest  gauge  of  17.3  ft,  was  recorded  on  January  27,  1915* 

(iii)  The  highest  corresponding  average  daily  discharge  was 
56000**  cfs, 

(iv)  The  lowest  gauge  of  3.0  ft,  was'  recorded  in  December  1922, 

(v)  The  lowest  corresponding  discharge  was  64**  cfs, 

(vi)  The  median  annual  peak  flood  is  13,000**-  cfs,  (Fig, 5), 

(vii)  The  100  year  flood  is  80,000-**  cfs,  (Fig, 5), 

(•viii)  Ratio  of  100  year  flood  to  medicin  flood  is  6,15. 

(ix)  Suspended  load  is  of  very  small  quantity, 

l,2o  The  basis  of  quantitative  analysis  in  this  thesis  is  regime  theory 
(Ref,  1)  where  applicable.  Its  equations  apply  accurately  to  controlled  canals 
carrying  sand  and  are  believed  to  apply,  in  functional  form,  to  meandering 
streams  if  used  for  average  and  for  some  special  dimensions,  but  the 
coefficients  to  apply  to  the  equations  cannot  be  specified  simply  at  present, 

A  somewhat  similar  state  of  affairs  arises  in  attempting  to  specify  Harming' s  n 
for  a  pipe;  a  person  of  experience  can  specify  from  visual  inspection  but 
cannot  reduce  his  experience  to  a  set  of  rules  that  can  be  used  by  others. 


Finer  than  about  0,1  inches. 

Average  daily  discharge,  and  not  instantaneous  value. 
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1.3.  A  major  omission  from  practical  regiras  formulas  (as  distinct  from 

basic  ones)  is  the  coefficient  in  the  relation  of  zero  bed  factor  to  gravel 
size  by  the  formula  1^;  »  which  is  admitted  to  be  crude  and  possibly 

functionally  wrong.  The  reason  for  the  omission  is  that  the  "size"  of  gravel 
is  determined  subjectively  at  present  because  there  is  no  basis  for  a  definite 
rule  to  specify  what  is  the  mean  size  of  a  material  that  is  graded  in  an 
apparently  unsystematic  manner.  Accordingly  one  principal  aim  of  the  author 
was  to  seek  some  rational  system  in  the  constitution  of  the  part  of  a  gravel 
that  moves  as  bed-load  during  flood;  if  a  system  could  be  discovered  then  the 
definition  of  a  consistent  measure  of  bed-load  would  become  possible.  This 
portion  of  the  investigation  has  proved  satisfactory, 

1.4. '  Another  principal  aim  was  to  test  whether  the  regime  slope  formula, 

with  a  zero  bed  factor  of  the  order  guessed  by  Dr,  Blench  and  with  the 
crude  meander  correction  coefficient  of  Ref.  1,  Sec,  6.2,1,,  would  apply 
approximately  to  the  behaviour  of  steep  sections  of  river  during  low  flow  that 
seemed  sufficient  to  just  move,  or  to  be  close  to  moving,  the  bed.  If  it  did 
then  the  examination  of  other  rivers  at  low  flow  would  be  justified.  The 
practical  importance  of  this  is  that,  at  present,  it  is  usually  considered 
that  river  regime  should  be  analysed  at  high  discharge  to  ensure  that  the  bed 
is  moving,  since  without  movement  regime  equations  do  not  apply.  The 
infrequency  and  short  dxiration  of  high  flows,  and  the  difficulty  of  measuring 
during  floods,  are  serious  handicaps  to  rapid  accumulation  of  reliable  data. 
But,  if  even  a  few  rapids  during  low  flow  are  analyseable,  fairly  exact  data 
may  become  obtainable  in  considerable  quantity  during  a  short  time, 

1.5,  The  whole  thesis  discusses  how  the  three  aims  described  above  were 
achieved  and  is  intended  to  be  essentially  quantitative, 

1.6,  It  is  appropriate  at  this  stage  to  define  certain  expressions  and 
terms  used  in  the  body  of  the  text  as  follows.  Standard  symbolism  is  in 
Appendix  A, 
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Length  Axis,  An  axis  parallel  to  a  line  connecting  the  most  distant  points 
in  the  stone. 

Breadth  Axis,  An  axis  parallel  to  the  longest  line  within  the  stone  which 
is  perpendicular  to  the  length  axis.  The  length  of  this  longest  line  is 
the  "breadth”. 

Thickness  (Triaxial)  Axis,  An  axis  perpendicular  to  both  the  length  and 
breadth  sixes.  (The  word  "tjriaxial"  appears  in  American  literature.) 

Thickness,  The  greatest  dimension  parallel  to  the  thickness  sixis.  Ref.  2, 
p,  11?  gives  more  detail  about  the  measurements  of  the  stones. 

Shape  factor.  The  ratio  of  the  thickness  to  the  square  root  of  the  product  of 
length  and  breadth. 

Bed  factor.  The  ratio  of  the  square  of  mean  velocity  to  mean  depth,  denoted 

d 

by  F^. 

Bed  factor  zero.  Bed  factor  when  bed  load  charge  is  vanishingly  small.  This 
is  termed  "bed  factor  at  vanishingly  small  charge"  or  "zero  bed  factor". 

Bed -load.  Solids  moving  along  the  bed  by  sliding,  rolling,  saltating  or  a 
combination  of  these  actions. 

Boulders.  Stones  of  thickness  greater  than  60  mm. 

Charge.  The  ratio  of  the  weight  (in  air)  of  bed  load  per  unit  time  to  weight 
of  water  per  unit  time.  It  is  measured  in  thousandths  of  1  percent  by  weight. 
Dunes.  Bed  waves  which  move  in  the  direction  of  flow. 

Equivalent  diameter.  The  diameter  of  the  spherical  stone  of  the  same  density 
and  weight. 

Meander,  A  river  length  of  two  consecutive  loops,  one  flowing  clockwise,  the 
other  anti-clockwise. 

Meander  breadth.  The  distance  between  lines  drawn  tangental  to  the  extreme 
limits  of  successive  fully  developed  meanders. 

Meander  length.  The  direct  distance  between  corresponding  points  of  a  fully 
developed  meander. 
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In  regime.  The  state  when,  on  long  term,  a  channel  does  not  change  its 
average  behaviour. 

Saltation.  Bed  movement  by  hops  or  by  leaping. 

Sheet  flow.  Bed -load  movement  without  dunes  or  anti -dunes. 
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CHAPTER  II 

THE  SIZE  DISTRIBUTION  OF  RIVER  BED  GRAVEL 

2,1,  Introduction,  According  to  Ref,  3  the  distribution  of  sizes  within 

river  bed  samples  of  sand  follows  a  definite  law.  In  fact,  petrographers 

have  adopted  logarithmic  probability  paper  for  plotting  the  "percentage  coarser 

than"  curves  that  engineers  plot  to  ordinary  or  semi-log  scale  when  analysing 

soils  and  aggregates.  Their  reason  is  that  the  plotted  points,  on  this  kind  of 

paper,  fall  on  approximately  straight  lines;  and  the  implication  is  that  the 

logarithm  of  particle  size  is  distributed  approximately  according  to  the 

"normal  law  of  error".  In  the  "normal  law  of  error"  the  measurements  of 

quantities  are  found  to  be  distributed  about  their  means  in  a  special 

symmetrical  pattern,  so  that  the  frequency  of  occurrence  of  measures,  in  a 

range  of  dx,  that  deviate  by  an  amount  x  from  the  mean  is  proportional  to 
_x^ 

e  .  dXo  The  plot  of  relative  sand  size  against  "percentage  by  volume  coarser 
than"  from  the  Strait  of  Georgia  up  the  Fraser  River  (Fig,  6)  indicates  re¬ 
markable  agreement  with  the  logarithmic  normal  distribution,  Erb  (Ref,  4) 
found  that  the  dispersion  for  sand  samples  increased  slightly  with  median 
diameter,  but  his  data  included  materials  that  seemed  of  mixed  origin  so  the 
dispersion  should  be  expected  to  be  greater  than  in  natural  river  bed  materials. 
Because  of  this  standard  distribution,  it  is  practical  and  logical 
to  specify  a  sand,  for  regime  purposes,  by  its  median  diameter  without  any 
reference  to  distribution  of  sizes.  On  the  other  hand  very  little  analysis 
has  been  done  of  gravel  rivers  and  general  belief  seems  to  be  that  the  dis¬ 
tribution  is  not  systematic.  However,  gravel  dug  from  shoals  is  likely  to 
have  its  pores  full  of  fines,  whereas  gravel  msving  on  a  river  bed  during 
flood  lacks  the  fines  as  they  have  gone  into  suspension.  There  seems  some 
possibility,  therefore,  that  gravel  that  partakes  of  bed  movement  may  show 
soms  system. 
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To  test  for  a  system  one  has  to  overcome  the  practical  difficulty 
of  analysing  samples.  Using  large  samples  obtained  by  draglines,  etc,  is 
obviously  very  expensive.  Wolman  (Ref.  5)  devised  a  common  se*  se  field 
method  by  which  an  unaided  observer  could  obtain  reasonable  samp  s.  It 
consists  of  the  detennination  of  grain  size  based  upon  an  analysis  of  the 
relative  area  covered  by  grain  sizes. 

Wolman 's  method  focusses  attention  on  the  different  ways  J  specify¬ 
ing  "frequency".  Soils  engineers  usually  weigh  the  material  on  their  sieves 

* 

ana,  therefore,  measure  the  weights  of  materials  between  certain  s  js.  A 
person  collecting  large  stones  by  hand  would  prefer  to  state  the  number  of 
stones  between  different  standard  sizes.  The  median  size  by  the  former  system 
would  be  the  size  of  stone  that  had  half  the  weight  of  all  stones  on  one  side 
of  it  (and,  of  course,  half  on  the  other)  whereas  the  median  by  the  second 
system  would  be  the  size  that  had  half  the  number  of  stones  to  one  side  of  it, 
2.2.  Wolman «s  method  for  sampling  coarse  river-bed  material:  Ref.  5.  The 

method  is  quoted  as  below ;- 

"(a)  In  the  desired  reach  of  the  stream  a  grid  system  is  established  either 
by  pacing  or  with  actual  lines.  The  size  of  the  grid  is  determined  by 
the  length  of  reach  which  the  sampler  desires  to  describe.  This  may 
include  both  a  riffle  and  a  pool,  a  riffle  alone,  or  a  pool  alone.  If 
comparisons  are  to  be  made  between  reaches ,  the  sampler  must  obviously 
be  consistent  in  his  choice  of  the  length  of  reach  to  be  included  in 
the  sample. 

(b)  After  establishing  the  grid,  which  can  be  done  by  a  pacing  traverse  as 
the  sampler  picks  up  each  pebble,  100  individual  pebbles  were  picked  up 
from  the  bed.  (The  sampling  is  probably  less  subjective  when  lines  or 
tapes  rather  than  pacing  are  used  to  fix  the  individ\ial  sampling  points.) 
Randomness  in  the  selection  of  each  pebble  can  only  be  obtained  if  the 
sampler  tries  not  to  look  at  the  bed  as  he  picks  up  each  pebble.  Kis 
practice  is  to  draw  each  pebble  from  beneath  the  tip  of  the  toe  of  his  boot. 
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(c)  The  intermediate  axis'*’  of  each  pebble  is  measured. 

(d)  Unless  the  actual  diameters  are  of  interest,  a  rule  or  scale  ca.  be 
designed  showing  class  limits  only  and  each  pebble  tallied  within 
grade  class  immediately.  For  this  purpose  the  Wentworth  scale  is 
probably  the  most  useful, 

(e)  With  the  pebbles  placed  in  the  proper  classes,  it  is  a  simple  matter 

to  plot  a  frequency  distribution  of  the  sample.  This  plot  is  further 
simplified  if  the  Wentworth  size  classes  are  denoted  by  the  ©  notation 
(Knimbein,  1936)'*'*'  in  which  ©  =  -  log2  diameter  in  mm.  Using  this 

logarithmic  scale  the  frequency  distribution  can  be  plotted  on  arithmetic 
coordinate  paper  (Fig.  7)0 

2.3.  Method  of  sampling  Red  Deer  River  bed  gravel.  The  following  method 

was  used  by  the  writer  for  obtaining  samples  at  the  cross-section  desired  to 
be  investigated.  It  is  essentially  the  same  as  V/olman's  method  quoted  above, 
and  is  detailed  as  follows; 

(a)  A  line  perpendicular  to  the  direction  of  flow  was  established  visually, 

(b)  By  wading  out  from  the  river's  edge  stones  were  collected  by  hand 
commencing  at  the  river's  edge  and  at  intervals  of  two  paces  until  the  water 
became  waist  high  precluding  further  sampling, 

(c)  At  each  of  the  sampling  points  a  stone  was  picked  where  the  toe  of  the 
boot  touched  the  stone.  Fine  material  of  about  0,1  inches  was  neglected  and 
underneath  the  fine  material,  a  handful  of  the  river  bed  material  was  scooped 
up.  The  collected  material  was  broiaght  back  to  the  shore. 

(d)  Step  (b)  and  (c)  were  repeated  with  the  initial  sampling  point  midway 


■*■  For  intermediate  axis,  “the  term  "breadth”  has  been  used  in  the 
body  of  the  text. 

Reference  6, 


.  / 


«  mmfmtih  iJUiH^  •<'-  u>*»£u  UJ 

tSf»a  »•<»*.>  ^ 

» 


-  9  - 


between  the  first  two  points  and  two  pace  intervals  thereafter  until  the 
water  depth  again  precluded  further  sampling.  Therefore,  in  effect,  samples 
were  collected  at  intervals  of  one  pace  along  a  line  from  the  shore  to  a 
point  in  the  channel  where  the  water  was  waist  deep. 

2.4.  Limitations  of  the  saminlinr  method.  The  principal  limitation  en¬ 
countered  was  the  inability  to  measure  fine  stones  (stones  less  than  about 
0.1  inches  size).  The  difficulty  of  sampling  in  deep  water  is  a  second  limit¬ 
ation;,  the  river  was  waded  up  to  a  depth  of  about  3i’  ft.  Velocity  more  than 

3  ft.  per  second  is  a  third  limitation  in  this  practical  method  of  sampling. 
The  last  two  limitations  handicap  obtairiing  the  sample  throughout  the  width  of 
the  river;  however  it  was  assumed  that  the  sample  obtained  by  wading  the  river 
until  water  became  waist  high  would  be  a  representative  sample. 

2.5.  Precautions  taken  while  samriling.  The  main  precaution  taken  was 
not  to  look  at  the  stone,  while  picking  it  from  the  bed  of  the  river. 

2.6.  Measurements  of  the  stone  size:  The  sizes  of  stones  were  measured 
in  terms  of  length,  breadth  and  thickness  as  defined  in  Sec.  1.6.  See  Tables 
1  to  4.  A  sketch  for  the  size  of  stone  is  given  below; - 


Fig.  8  (Sketch  showing,  length  'i?  ,  breadth  ^  and  thickness  »<. ) 
2.7.  Formula  for  equivalent  spherical  diameter;  In  1949.  A.  T.  Corey, 

(Ref.  7)  working  with  individual  sand  particles  suggested  a  simplified  shape 
parameter  which  he  called  the  shape  factor  s.f.: 


s.f  = 


cxC, 


\/3  V 


In  Ref.  2,  p.  II7 ,  shape  factor  is  defined  as  the  ratio  of  rounded  actxial 
volume  to  hypothetical  maximum  prism.  The  writer  assumed  that  the  shape 
factor  of  a  stone  is  approximately  the  same  as  that  of  a  sand  particle  and 
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therefore 

Volume  of  the  etone 


5-  F  X  c><  pv 

z  ±  1. 

CX  iZ 


Volume  of  equivfilent  sphere  size  stone 


(A) 


Equalizing  (A)  and  (B), 


(B) 


i- 


1 . 24  oC^  |2>*  V 


(C) 


The  fonuila  (C)  was  verified  to  some  extent  by  the  V/ater  Resources 
engineers  by  weighing  soibs  specimen  of  stones.  It  is  not  mathematically  de¬ 
rived  and  should  not  be  used  without  experimental  verification, 

2.8,  Relation  between  equivalent  s-pherical  diameter  and  thickness: 

The  sizes  of  stones  of  sample  No,  2,  3>  4>  and  5  were  expressed  in  terms  of 
and  an  attempt  was  made  to  find  an  empirical  relation  between  4>  and  o<  and 
therefore  <p  and  o<  were  plotted  on  log-log  paper.  The  writer  obtained  the 
relations  by  drawing  the  best  fit  lines  of  1:1  slope  by  eye,  which  were  tested 
by  fovir  individual  persons.  The  best  fit  lines  drawn  by  the  authoi:  were  the 
same  as  those  drawn  by  others  in  some  cases,  whereas  in  other  cases  they 
differed  by  2%  to  5^.  The  results  obtained  are  enlisted  below:- 

(a)  Fig.  9  for  sample  No.  2  shows  <|>  -  1,58 

(b)  Fig,  10  for  sample  No,  3  shows  <f>  •1,6  ex 


2.9. 


(c)  Fig.  11  for  sample  No,  A  shows  =  1,5  o< 

(d)  Fig.  12  for  sample  No.  5  shows  «}>  =  1.5 

(e)  Fig.  13  for  all  the  above  4  samples  shows 

N^rcription  ana  freouerc"-’-  of  canoles:  4 


-  1.55^ 


toO  ^  w  0  wO  w 


were  foiind  to  be  a  niixtui*e  of  smooth,  rounded,  angular,  flat  and  subangular 
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(Photos,  Figs,  126  to  130).  The  procedure  of  analysis  is  as  follows 

(a)  Plotting  by  nujsber;  Sizes  of  stones  against  percentage  by  number  equalled 
or  exceeded  were  plotted  on  logarithmic  probability  paper, 

(b)  Plotting  by  weight:  Stones  were  measured  in  terms  of  length,  breadth  and 
thickr.333,  because  of  inconvenience  of  weighing  stones  at  site,  V/eight  of  a 
stone  was  assumed  to  be  proportional  to  the  cube  of  its  thickness  since  ‘t> 
varies  as  o<  ,  Assuming  density  of  each  stone  to  be  the  same,  size  of 
stones  against  percentage  by  weight  equalled  or  exceeded  were  plotted  on  log- 
probability  paper.  Table  5  shows  a  sample  calculation.  It  is  suggested  for 
future  investigations  that  a  spring  balance  should  be  carried. 

(c)  Plotting  of  size  distribution  of  an  averarre  sample:  The  plottings  of 

cr  ■* 

size  distributions  of  all  the  samples  as  in  (a)  and  (b)  were  made  on  log- 
probability  papers  and  it  was  assxuned  that  the  best  fitting  lines,  considered 
together,  would  represent  the  size  distribution  of  an  average  sample  for  the 
whole  reach  of  the  river,  (Figs,  42  to  45) 

(d)  Best  fit  lines;  Best  fit  lines  were  drawn  by  eye  and  were  tested  by  four 
persons.  In  general  the  lines  drawn  by  the  author  were  coincident  with  those 
by  the  different  persons,  but  in  a  few  cases  they  varied  to  a  large  extent, 
depending  on  individual  judgment.  However,  the  median  size  was  not  affected 
at  all. 

2,10o  Details  of  stone  samples:  The  details  of  sample  No,  1  are: 

(i)  The  sample  was  picked  from  cross  section  site  and  consisted  of  116 
smooth,  angular,  flat  and  rounded  stones.  The  maximum  and  minimum  thicknesses 
were  7,2  and  0.36  inches  respectively.  Fig,  126  shows  the  sample  as  collected 
at  the  right  hand  bank  of  the  river, 

(ii)  Fig,  14  shows  the  plotting  of  thickness  by  number  on  logarithmic 
probability  paper,  which  indicates  a  log  normal  distribution  with  median 
thickness  of  1,3  inches.  The  range  of  sizes  from  to  99^^  is  20  times, 

(iii)  Fig,  15  shows  the  plotting  of  thickness  by  weight  and  indicates  log 


normal  distribution  with  median  thickness  of  4  times. 
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(iv)  Fig,  15  shows  the  nondimensional  plot  of  by  weight. 

For  the  description  of  rest  of  the  samples  see  Table  6  (Figs.  '  '  to  45). 

2.11.  Relatlbn  .between  median  .thickness  of  a  stone  in  a  sample  by  nu-ber 

and  that  bv  weight:  The  plottings  of  the  thickness  by  number  and  that  by 
weight  of  samples  6,  7»  8,  9.  10.  H.  13.  14  and  I5  show  an  approximate  re¬ 
lation  of  ‘V  =  1,8  ,  where  and  nn  c/  are  median  thickness  b7 

^  oo  'n 

weight  and  number  respectively.  See  Fig.  46. 

2.12.  Determination  of  median  eo^jilvalent  spherical  diameter  from  the 
actual  weights  of  .the  stones:  Stones  of  sample  1  and  I3  were  weighed.  Fig.  47 
and  48  show  the  plottings  of  percentage  by  number,  the  weight  of  each  stone 
equalled  or  exceeded  against  the  weight  of  each  stone,  and  indicate  approximate 
log-normal  distributions. 

From  Fig,  47  median  weight  =4,8  ounces.  Assuming  density  of  stone 
equal  to  144  lbs, /eft,,  comes  to  1,9  inches. 

The  above  method  gives  results  close  to  those  obtained  from  the 
calculated  from  o<  ,  and  "V  « 

2.13.  Description  of  the  bed  load  material  sampling  with  sieves  bv  Water 
Resources  engineers i  An  attempt  was  made  by  Water  Resoxirces  engineers  to  set 
up  a  simple  method  of  measuring  river  bed  material  size  based  upon  the  grain 
size  curves  obtained  from  standard  sieve  analysis. 

The  peculiarity  of  this  method  was  the  inclusion  of  fine  grains, 
which  would  be  drifted  away  while  shovelling  under  water.  Therefore  their 
main  problem  was  the  selection  of  the  bed  material  to  be  analysed,  because 
the  Red  Deer  river  flowed  at  a  considerable  depth  all  season.  The  accessible 
areas  were  those  exposed  gravel  banks  along  the  river  edge  or  on  bars  in  the 
central  portion  of  the  river.  They  had  no  way  of  knowing  whether  bed  material 
under  the  flowing  water  was,  in  fact,  similar  to  that  exposed,  but  they  hoped 
that  a  sufficient  number  of  samples  would  indicate  average  conditions. 

2.13.1  Detailed  procedure;  The  detailed  procedure  was  as  follows;- 
(i)  A  three  foot  square  wooden  frame  was  laid  down  on  the  area  of  exposed 


')jC"3.  ’  i.W *f/1vf 


V  4'  _^v 

%»  ;  \<i  •ffflpPP  ^ 


■  »  ja-  .  ffi 

■=1  *  '_ j'.*'^-:  ‘‘'*^  ■'"'  ;  •'■if  ■  t  '“. 


2j.  "'■■  _ ‘^thi..  '  .  ■  .-a  V'= -Vj-'-' 


»*uj  WS"- 


^■-  '  *?f  *"' 


.'Oft. 


,-'^J  '’-,  .  ■*.  ..-•■•  •'  *‘*-‘ 


'  ^'/J- 


■afe-v 


-^*m''-:^‘*^'  '^j  f^  *f  i\ 
*  ,  ♦  ■■  f 


lw.3C;;^n>t  •  ^  '  :0y^. - ^ 

•:ii  wwl, 

:-'./  •x*  -r  C^  '4,  ^'v  rtw'-'i  .5u?^-^<f5t* 

-?■-,  '  '  4  ^  -.i."  '  •  ' 

aL»w.t-3i  rt..f  I  nyn'n  »r >  |jLw 

»►•>»'>••«?  -Mi  *f  ffl*  ■  • 

‘  ‘  ■  .fi 


■■^"**^*  -i 

"  V' 


i  . 


»  1  •  »- 


■  I  »  - 

rr. 


:-a  -‘ 


,>'7^ 


t  1»^..'i 


anif*’^ 


lgm>nwX  -»f  ♦  .j>  «*•' Mn;p #»$'...  ^•-  ♦^.•.■gi4| 

iw<^  ^l^fm^fujl  If  ii.tiiir»i  '  •  *  ’  *^w  ii ''■"■■■^,vjL  ^ 

'  *  1**  '  ^ 


-  13  - 


gravel  selected. 

(ii)  Each  rock, 

yard  that  was  expose  to  tae  su 
or.e  sar.ple  (sui  .  -  .-o  w^ajzpio}. 

(iii)  Everyt..  .  _i  ^.x.t 

area  to  tne  depti.  ,.ie  doopon 
was  the**  i;hovellea  i.'.'oo  a  s^ocr*. 
sample, 

(iv)  ..  :aeve  a-.a_ysis  v/ei^. 


-  air*  ^ir*sorar  -s  possible)  within  th^s  square 
rf  .ce  \;as  care^iilly  pic*ced  up  and  gatherec  Into 

-fter  a-,  lion  (ii)  wronan  uhis  same  _ 

:  '..ying  *.urfaca  ..a^nc  (removed  in  v/pe:  -t_o  ■  (ii)) 
d  oont-  .  , ■'E'lis  was  Cs-lled  the  subsurfav 


.*u  and  .-*aaoer)  was  done  Tor  botn  the  sur^ac* 


Sc*i*iple  and  oh^  was  *n.  xo*-*e  ^a.^ple. 

(v)  The  results  were  jrec**r.ted  for; 


V..*,  -  .e  subsurface  sampae 

(*c;  Tne  totax  sample  (a  combiriation  of  (a)  ana  (b;  )o 
It  «as  felt  ti':at  only  (a)  ana  (c)  and  not  the  subsurface  sample  would  be 
useful. 

2.14.  Analysis  of  samples  by  sieves;  Analysis  of  samples  was  aone  cts 
below:- 

*  .  '  * 

(i)  Sieve  sizes  for  stirface,  total  and  subsurface  samples  were  plotted  a- 

gaanst  percentage  retained  by  weight  on  logarithmic  probability  paper.  (Figs, 

) 

to  51). 

(ii)  Sieve  sizes  for  surface  and  total  samples  (excluding  the  stones  below 
sieve  size  of  §")  were  plotted  by  number  and  weight  on  logarithmic  probability 
paper. (Figs.  52  to  54b)o 

(iii)  Fags*  5.v  to  57  show  the  -composito  samples”  of  Figs.  49  to  51.  That 

is,  it  is  sc  **ted  to  indicate  the  analysis  c_  i,am,3le  obtained  by  'am  • 

the  individual  ones. 


^  Subsurface  samplb  is  included  in  thfe  total  safeple 
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The  results  of  (ii)  and  (iii)  are  tabulated  in  Table  No,  7 
2,15.  Definition  of  median  diarreter  of  active  gravel  bed  for  regime  calculations. 

It  appears  that  the  gravel  observed  has  a  median  spherical  diameter  (by  weight) 
of  about  3.A-  inches  (86.4  nm)  with  a  size  range  of  about  ten  times  between  lyo 
and  99^  frequency.  Also,  active  river-bed  sand  of  about  0.3  can  median  spherical 
diameter  by  weight  has  a  corresponding  range  of  about  4  times.  If  we  assume 
that  the  range,  n  times,  varies  according  to  a  power  law  with  the  median  size, 
we  have  the  relation; 

(86.4  min/0,3  mm)'^  m  10/4 

which  gives  x  very  close  to  l/6.  Practically,  therefore,  one  might  adopt 
Che  tentative  rule  that  the  top  range  of  effective  sizes  in  a  river-bed  gravel 
varies  as  the  sixth  root  of  the  median  effective  size.  V/ith  this  rule  avail¬ 
able  one  might  find  the  "effective  size"  of  a  gravel  as  follows;-  (l)  Express 
une  estimated  median  spherical  diameter  by  weight  in  millimeters  and  obtain 
cne  sixth  root  of  the  ratio  of  this  size  to  0.3  nun.  Accept  four  times  this 
figure  as  n,  the  effective  range  of  gravel  size.  (2)  Decide  (necessarily  some¬ 
what  subjectively)  the  top  size  of  gravel  that  rolls  along  the  bed  in  high 
flood,  (3)  Reject,  from  gravel  samples,  all  material  smaller  than  one  n-th 
the  top  size.  (4)  Accept  the  median  of  the  residue  as  the  effective  gravel 
size  for  regime  calculations,  (5)  Check  whether  this  size  agrees  reasonably 
with  vdiat  was  estimated  in  (l)  and  repeat  the  process,  using  the  result  of 
(4),  if  it  does,  not. 


-  15  - 


CHAPTER  III 
REGIME  SLOPE  ANALYSIS 

3»1»  Introduction :  There  are  serious  difficulties  in  applying  regime 

formulas,  and  they  are  discussed  in  some  detail  in  Ref.  1,  Sec.  5.18.  However, 
the  basic  regime  formulas  for  negligible  bed-load  charge  are  believed  to  be 
dynamically  significant  and  exactly  applicable  when  all  the  following  conditions 
hold, 

(i)  A  stream  or  canal  is  straight. 

(ii)  Sides  behave  as  if  hydraulically  "smooth".  Technically  this  means 
that  roughness  constant  of  the  sides  depends  on  the  nature  of  water- 
sediment  complex, 

(iii)  Bed  width  exceeds  three  times  the  depth. 

(iv)  Sides  stand  at  slopes  approximating  .those  found  for  cohesive  sides  in 
nature, 

(v)  Discharges  are  steady, 

(vi)  Sediment  load,  however  complex,  is  steady, 

(vii)  A  non-cohesive  load,  however  small,  moves  along  the  bed  in  dune  formation, 
(viii)  Speed  is  less  than  critical,  i,e,,  less  than  the  speed  of  small  gravity 

waves, 

(ix)  Sediment  size  is  small  compared  with  the  depth  of  flow, 

(x)  V/idth,  depth  , and  slope  have  adjusted  to  final  (or  regime)  values. 

It  is  believed  further.  Ref,  1,  that  the  functional  forms  of  the  regime 
equations  can  be  used  for  appreciable  charge  and  for  fluctuating  discharges 
and  charges  in  the  presence  of  meandering,  by  applying  coefficients.  Because 
of  the  tremendous  variability  of  practical  conditions,  normal  application  is 
confined  to  average  conditions  or  to  very  special  ones,  and,  even  then,  esti¬ 
mates  of  what  coefficients  to  apply  have  to  be  rough  and  are  based  on  crude 
observations  of  actual  occurrences  in  a  relatively  few  cases.  There  is  a 
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further  difficulty,  as  Bhattacharya  has  shovm  (Ref.  8),  and  the  author  veri¬ 
fied  to  some  extent  in  the  Hydraulics  Laboratory,  University  of  Alberta,  that, 
when  stone  size  relative  to  depth  exceeds  a  certain  limit  for  a  given  dis¬ 
charge  intensity  then  the  estimates  of  bed  factor  by  the  standard  rough  formulas 
in  terms  of  sediment  size  alone  are  obviously  wrong;  so  the  application  to 
gravel  rivers  should  not  be  made  at  too  low  discharge  intensities.  Finally, 
there  is  a  major  difficulty  that,  in  dealing  with  the  slope  fomula  which  is 
the  most  likely  to  yield  resxilts,  the  effect  of  stone  size  and  of  meandering 
have  to  be  decided  together,  yet  neither  is  directly  measurable.  In  the  ab¬ 
sence  of  special  observations  on  straight  reaches,  the  author  was  compelled, 
therefore,  to  analyse  by  finding  v/hether  the  values  of  the  one  factor  within 
vrtiat  was  believed  to  be  a  practically  justifiable  range  were  consistent  with 
values  of  the  other  believed  to  be  practically  valid. 

3o2,  Programme  for  collection  of  data;  Aerial  photographs  1"  r  600*  and 
1"  -  3333'  and  maps,  1"  =  1  mile,  obtained  from  the  Department  of  Lands  and 
Forests,  Figs,  1  to  4  (aerial  photographs  1"  =  3333' )>  show  the  river  chosen 
for  study.  It  was  decided  to  study  24.5  miles  of  the  river,  9.1  miles  up¬ 
stream  of  the  Red  Deer  railway  bridge  and  15.4  miles  dovmstream  of  it,  be¬ 
cause  of  (i)  accessibility  of  the  river;  (ii)  its  fairly  sinusoidal  meander- 
irig  behaviour;  (iii)  no  intaking  of  any  tributary  excepting  one  (Blindman 
Fkiver),  which  is  very  sma3J.,  and  (iv)  gravel  bed,  VJater  Resources  Depjartment 
decided  to  collect  the  following  data; 

(i)  Bed-load  samples  (see  Chapter  II) 

(ii)  Cross-sections 

(iii)  Discharge  measurements 

(iv)  Photos 

(v)  Profile  of  the  river 

(vi)  Suspended  load  samples. 
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3.3.  Collection  of  Data:  Survey  work  was  done  by  a  survey  crew  of  the 

Department  of  Water  Resources  during  the  period  August  7  to  September  13,  1961. 
The  first  week  was  spent  in  establishing  the  bench  marks  on  the  river  and 
referencing  them  to  geodetic  bench  marks.  The  collection  of  data  started  on 
August  15  and  ended  on  September  13,  1961,  during  which  time  the  gauge  heights 
and  discharges  at  Red  Deer  gauging  station  fluctuated  from  4.01  ft.  to  5.67  ft. 
and  789*  cfs.  to  2820*  cfs.  respectively.  Survey  headquarters  remained  at 
Red  Deer  during  the  whole  period  of  collection  of  data. 

3.3.1.  Cross-section:  The  number  of  cross-sections  of  the  river  was  37, 
mostly  at  the  nodes  and  antinodes  of  complete  meander  bends.  Figs.  1  to  4  show 
the  locations  of  the  cross-sections  labelled  with  an  A.  Water  levels  were 
mostly  taken  on  both  the  shores  of  the  river.  Bed  levels 'were  generally  taken 
at  every  10  ft.  The  maximum  and  minimum  water  surface  breadths  and  mean 
depths  were  521  ft.  to  169  ft.  and  4.30  ft.  to  0.826  ft.  respectively.  Most 

of  the  cross-sections  were  nontrapezoidal.  Figs,  from  58  to  89  show  the  cross- 
sections  . 

3.3.2.  Discharge  measurements:  Discharges  were  taken  from  the  records  of 

Dominion  Water  Resources  Bureau  for  Red  Deer  River  gauging  station.  .  It  was 
assumed  that  the  discharge  was  not  affected  by  inflow  or  outflow  and  remained 
the  same,  as  at  Red  Deer  throughout  the  reach  of  the  river,  chosen  for  study. 
The  discharge  fluctuated  from  789*  to  2820*  cfs.  during  the  whole  period  of 
collection  of  data.  The  Red  Deer  River  gauging  station  at  Red  Deer  has 
official  number  5CC2  and  is  located  Sec.  36,  Tp.  31,  Rge.  7,  W  5th  Her., 
Alberta,  at  the  highway  No.  2  bridge  in  the  City  of  Red  Deer.  Drainage  area 
for  the  station  is  4420  sq.  miles.  A  wire  weight  gauge  has  been  used  for 
recording  gauge  height  from  1912  to  date.  Average  discharge  for  43  years 

(up  to  i960)  of  record  is  1851  cfs.  Daily  maximum  discharge,  recorded  on 


*  Average  daily  discharge  and  not  instantaneous  value. 
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June  27,  1915  (g.h.  17.30}  was  56OOO  cfs.  Daily  miniimm  discharge,  recorded 
on  Decen±)er  7,  1922  (g.h,  3.00)  was  6U  cfs.  Instantaneous  ttayt mim  discharge 
recorded  at  9:20  p.m. ,,on  June  27,  1915  (g.h.  19.05)  was  68,250  cfs.  Fig.  90 
shov/s  the  yearly  peak  discharge  hydrograph  for  the  gauging  station.  Figs.  91 
and  92  show  the  mean  daily  discharge  hydrograph  for  the  years  1915  and  1957. 
Figs,  93  a^nd  94  show  the  laean  daily  gauge  height  hydrographs  for  August  and 
September  1961.  Figs,  95  ^ind  96  show  the  mean  daily  discharge  hydrographs  for 
August  and  September  1961.  Fig.  5  shov/s  the  maximum  annual  peak  flood  frequency 
diagram  with  a  median  flood  of  13,000  cfs,  and  a  100  year  flood  (extrapolated) 
of  80,000  cfs,  ratio  -  6. 15. 

3.3.3.  Photographs;  173  photographs  were  taken  of  bridges,  banks,  bed-load 
samples  collected  on  banks,  exposed  bed  due  to  receding  of  water,  and  general 
views  of  the  river  to  show  banks  and  vegetation.  Figs,  from  126  to  146  are 
selections, 

3.3.4.  Profile:  For  the  profile  of  the  river,  water  levels  were  taken  on 
one  side,  or  on  both  the  sides  of  the  river,  depending  on  the  radius  of 
curvature  of  bend.  To  obtain  an  adequate  profile  of  water  surface  83  main 
slope  stations  were  fixed  for  the  v;hole  reach.  Figs,  1  to  4  show  the  slope 
stations  in  addition  to  the  A  series.  Strength  of  the  crew  averaged  15.  ^t 
took  two  days  (August  22  and  24)  with  six  shifts  to  mark  the  instantaneous 
water  levels  by  reaches.  In  one  reach  vrater  level  marks  would  be  made  simul¬ 
taneously  at  different  sections;  the  levels  of  the  marks  would  be  observed 
later.  Distance  from  station  to  station  was  measured  with  roller  tape  in 
feet  on  the  easily  accessible  side  of  the  river.  By  noting  the  rise  or  fall 
of  water  level  from  shift  to  shift,  instantaneous  water  levels  were  obtained 
for  the  whole  reach.  Distance  was  corrected  by  -2^,  v/hich  v/as  verified  by 
chaining  a  certain  distance  and  roller  taping  the  sams.  Figs.  97  to  121 
show  the  instantaneous  v:aoer  surface  profile.  Gauge  heights  at  the  Red  Deer 
River  gauging  station  during  the  operation  of  marking  water  levels,  i.e.,  on 
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August  22  and  24  were  not  available  in  records.  The  gauge  height  on  August 
25th  was  4,74  ft. 

3.3»5»  Suspended  load  sampling;  Initially,  it  was  proposed  to  obtain 
suspended  load  samples  from  all  cross-sections,  but  during  the  period  of 
collection  of  data,  the  river  was  at  low  stage  and  obviously  did  not  con¬ 
tain  enough  suspended  load  to  merit  measurement. 


3.4.  Summary  of  the  repi.me  slo-ne  fo'>:'^pnast  The  forms  of  the  regime  slope 

equation  (Ref.  1),  as  applied  to  ideal  canals,  or  non-meandering  rivers  of 


large  bed  load  charge  are  below,  for  ready  reference ;- 


S  = 


_L 

m  ''  c- 
^0  '  S 

kq‘» 


f'Cc; 


in  which  f '  (C)  =  (j  -t  O •  IR  233,) 


and 


K  = 


in  which  f"(C)  = 


(_,+  0.12  .^^1+  4) 


K 


i>o 


K. 

in  which  f ‘"(G)  =  ^1  -f  o  .  12 


(A) 


(B) 


(C) 


All  notations  are  given  in  Appendix  A. 

3,5.  Use  of  slope  formulas  for  a  river:  In  deciding  which'  of  the  pre¬ 

ceding  formulas  to  use,  and  with  what  coefficients  or  values  of  parameters, 
the  following  points  had  to  be  considered; - 

i  The  stage  of  river  at  which  the  bed  load  just  kept  moving  was  unknown 
and  was  unlikely  to  be  that  at  w^hich  it  w'ould  just  start  to  move,  iiow- 
ever,  air  photos  in  general  indicate  that  steep  reacnes  o..  rivers  du..— 
low  supply  can  have  moving  beds.  So  it  seemed  likely  that  tne  steepest 
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reaches  of  the  Red  Deer  River  might  be  moving,  or  might  have  been  moving 
had  they  not  stopped  at  slightly  lower  discharges.  It  woxild  be  reason¬ 
able,  therefore,  to  assume,  tentatively,  that  the  fonculas  might  give 
fair  results  if  applied  to  steep  reaches  only,  with  C  practically  zero, 

•  i.e,,  with  f(C)  r  l.Oo 

ii.  The  conventional  way  to  use  slope  formulas  is  with  a  rather  vague  "meander 
slope  coefficient",  k,  which  multiplied  by  S  from  the  slope  fonnila  is 
supposed  to  give  about  the  S  found  in  a  meandering  channel  in  practice. 
Values  from  2.0  to  3»,0  seem  possible  according  to  literature,  and  choice 
can  be  made  only  in  terms  of  experience o  Also,  every  slope  formula  form 
needs  a  value  of  and  this,  too,  is  determined  subjectively,  like 
Manning's  n.  For  the  present  analysis  one  could  either  assume  an  F^^ 
and  find,  from  data,  whether  k  looked  reasonable,  or  vice  versa.  Dr, 

Blench  suggested  starting  from  F^^^  lying  between  4  and  6  since  he  pre¬ 
ferred  to  estimate  F,  rather  than  k. 

bo 

iii.  Obviously  there  is  some  definite  Q  at  which  bed  movement  continues  with 
vanishingly  small  C  in  a  straight  channel.  As  there  is  no  way  to  deter¬ 
mine  its  value,  the  best  approach  is  to  use  a  formula  with  a  small  index 
of  Q,  So  it  appears  that  equation  (C)  has  merit  in  the  present  problem. 
Actually,  in  a  meandering  channel,  reduction  of  discharge  cannot  cause  a 
gradual  reduction  and  then  cessation  of  bed  movement,  as  might  be  ex¬ 
pected  in  a  straight  one,  since  the  meandering  channel  has  rapids  and 
pools  at  low  discharge,  so  there  can  be  appreciable  bed  movement  in  parts 
and  no  bed  movement  in  other  parts. 

iv.  With  sections  quite  non-trapezoidal  a  forimla  containing  b  and  d  is  of 
little  value, 

V,  At  low  flow  the  sides  cannot  be  near  the  state  of  erosion  so  Fg  is  not 
applicable.  This  rules  out  the  use  of  equation  (A), 

Taking  all  these  points  together  the  reasonable  course  seems  to  be 

to  apply  equation  (C),  with  C-  0  and  “  different  values  within  the  rar,ge 
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suggested  by  Dr.  Blench.  Insertion  of  actual  data  in  this  formula  would 
give  values  of  k  that  could  be  compared  with  what  are  supposed  to  be  limiting 
values.  A  value  less  than  2,0  or  >  3.0  would  be  suspected;  a  value  less  than 
1.0  would  be  impossible  and  value  close  to  1.0  highly  improbable.  It  is  k-orth 
noting  that  the  main  practical  justification  for  using  a  regime  formula  at  all 
is  that  Q  appears  to  the  l/l2th  power  so  a  large  error  in  Q  would  be  unim¬ 
portant, 

3.6,  Procedure  for  determination  of  msander  coefficients:  Due  to  the  lack 

of  proper  and  sufficient  data  for  direct  regime  slope  analysis.  Dr,  Blench,  in 
view  of  his  experience,  based  on  relative  judgment  from  different  rivers  having 
different  sizes  of  bed-load  material  suggested  that  zero  bed  factor  for  Red 
Deer  River  is  likely  between  4  and  6,  Therefore  the  following  method,  which 
is  the  basis  of  analysis,  was  used:- 

(i)  For  the  determination  of  energy  slope  for  a  particular  section  line, 
the  nearest  water  surface  slope  stations  upstream  and  downstream  of 
the  section  were  taken  into  consideration  if  the  total  reach  was  of 
fairly  uniform  slope.  The  slope  was  calculated  by  dividing  the 
instantaneous  w^ter  level  drop  between  the  stations  by  the  distance 
between  them  measured  along  the  deep  water  channel.  It  shoxild  be 
noted  that  the  central  distance  was  not  used,  but  the  one  that  was 
obtained  by  roller  taping  on  the  accessible  edges  of  the  river,  be¬ 
cause  it  was  observed  there  was  little  difference  between  them. 

Velocity  head  correction  factor  was  neglected  because  it  was  very 
small  and  the  data  as  a  whole  were  under  consideration, 

(ii)  Steep  reaches  defined  by  slope  greater  than  l/lOOO*  were  chosen  for 
study,  18  such  sections  were  found.  The  slopes  of  the  first  and 
the  last  cross-section  were  not  calculated,  because  the  water  levels 


*  Some  of  the  reaches  have  slopes  a  It -..la  less  than  l/lOOO, 
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upstream  and  downstream  of  the  sections  respectively  were  not 
obtained. 

(iii)  In  the  formula 

''/i 

S  =  ^bo  ^  f'Vc)  (D) 

C  was  eq\ial  to  zero ,  K  was  taken  as  1800  for  cold  water  and  b  was 

y 

taken  as  a  surface  breadth.  Note  that  b  ^  is  insensitive  to  moderate 
error  in  b. 

(iv)  Assuming  F-j^q  =  either  k,  5  or  6  and  inserting  data,k  was  found,  see 
Table  8 . 


3.7»  Sample  calculation  of  k;  A  sample  calculation  for  cross-section  A^y 
is  given  below: - 

See  Figs.  3#  ?!  and  110  for  plcn,  cross-section  and  profile. 


Water  surface  elevation  at  slope  station  42 
Water  surface  elevation  at  slope  station  41 
Distance  of  42,'  from  zero  position  (A^  position) 

Distance  of  41,  from  zero  position  (A]_  position) 

Therefore  slope  •= 


=  2766.55  ft 
.=  2762.70  ft 
=  69200  ft 

=  66100  ft 


800 


Discharge  at  Red  Deer 
Discharge  used  in  the  formula 
Water  surface  breadth 
Breadth  used  in  the  formula 


=  9^2  cfs. 
=  942  cfs. 
=  230  cfs. 

=  230  ft. 


Using  the  slope  formula  for  rivers  (charge  being  negligible), 


bo 


\  800 

=  9.8. 

> 

then 

k  =  2.76 

- 

2.S ; 

then 

k  =  2.36 

0, 

2.4; 

then 

k  =  1.9. 

Since  the  river  is  convolu-oo,  k  would  be  taken  as  2.8  and  the 
corresponding  zero  bed  factor  of  4,0. 


3.8. 


"/p 

Deterrlnation  of  cMr^e  at  hi.p:h  flow:  ^  found  from  steep  slope 

analysis  was  inserted  in  formula  (D)  to  find  f"'(c),  assximing  that,  at  high 
flow,  slope  is  fairly  uniform  and  all  the  bed  is  active.  For  the  conditions 
of  observations,  the  charge  was  four^i  from  f"*(c),  to  vary  from  4.5  to  2.2 
for  annual  peak  flood  of  one  to  seventy%frequency .  (See  Table  9).  The  re¬ 
sults  seem  fairly  reasonable,  in  view  of  the  fact  that  charge  for  many  rivers 
is  of  the  order  of  1  or  2, 

3.9.-  A  sarrole  calculaticn. of  Charge  for  median  flood  was  found 

to  be  2.6,  the  calculation  is  as  follows; - 

Median  flood  for  the  river  (see  Fig.  5)  is  I3OOO  cfs. 


Meander  coefficient 
Zero  bed  factor 
Regime  breadth 


=  2.75  ) 

) 

=  4.0  ) 

=  260.0  ft. 


kF, 


00 


=  10.0 


Substituting  in  the  formula 

■k 


r-  2. 


f"'(=3 


S  = 


'k: 


Wo  get  -i-  o  .  =  0.584  X  13000 

Therefore  C  =  2.6, 


3.10.  Relation  between  median  size  of  bod -load  material  and  7,ero  bed 
factor;  With  the  means  of  defining  a  median  equivalent  spherical  diameter 
available  from  Chapter  II  the  following  formulas  based  on  F-^^q  =  4.0  were 
obtained,  see  Table  10, 

'  I 

(i)  F^q  =  ^\2  where  =  median  equivalent  spherical  diameter  by 


(ii) 


weight  in  inches 

Fho  =  ^/34  where  (p  =  median  equivalent  spherical  diameter  by 
i  ^50  'sq 


n\imber  in  inches 


(iii)  F^o  =  wkere  =  median  thickness  by  weight  in  inches 

(iv)  F^q  =  o;  where  =  median  thickness  ty  number  in  inches. 


For  other  values  of  F.  ^  the  coefficients  will  be  different. 
For  F^q  =  5,  18,34,  22  and  4?  h^cc..:.,  35,  66,  45  and  92  respectively. 
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CHAPTER  IV 

AUXILIARY  FLU>E  EXpERI>ENTS 

4.1.  Introduction:  (Ref.  8)  Bhattacharya  in  flume  experiments  with  1.7' 
msi.  gravel  (which  may  represent  gravel  of  quite  a  large  diameter  in  a  proto¬ 
type)  with  and  without  charge,  size  of  flume  being  18'  x  1'  x  2.5'  deep,  has 
shown  that  (i)  at  sufficiently  small  charge  and  small  discharge,  1.7  mm. 
median  diameter  gravel  does  not  form  dunes,  but  it  forms  dunes  as  the  charge 
or  discharge  is  increased;  (ii)  after  the  formation  of  dunes,  the  bed 
characteristics  follow  the  same  pattern  as  for  sand;  (iii)  dunes  which  have 
been  formed  artificially  on  the  bed  of  1.7  mm.  gravel  are  washed  away  if  dis¬ 
charge  is  reduced  sufficiently;  (iv)  the  zero  bed  factor  decreases  as  dis¬ 
charge  increases;  (v)  as  discharge  increases  the  charge  necessary  to  form 
dunes  tended  to  become  less  and  less.  On  the  basis  of  Bhattacharya 's  experi¬ 
ments,  the  author  made  experiments  in  a  large  flvune  (l20'  x  3.0'  x  2.5'  deep) 
with  1.7  mm.  gravel,  without  charge,  in  the  Hydraulics  Laboratory  of  the 
University  of  Alberta  and  verified  Bhattacharya' s  results  with  the  addition 
that  appears  to  reach  a  minimum  value  for  the  discharge  intensity  of 

the  order  of  1.9  cfs./ft.  when  D/d  =  0.0039.  The  object  of  repeating 
Bhattacharya' s  work  was  to  overcoms  his  difficulty  of  having  too  small  a 
flume  to  obtain  a  minimum  before  entry  length  became  comparable  with 
flume  length.  Practical  application  was  made  to  low  discharge  Red  Deer  River 
conditions. 

4.2.  Description  of  the  apparatus:  The  apparatus,  essentially 
Bhattacharya' s  to  large  scale  consisted  of  the  following: 

(a)  Adjustable  glass  walled  flume 

(b)  Entrance  tank  to  flume 

(c)  Orifice  meter 

( d )  Tail  gate 

(e)  Scales,  gauges,  tapes,  etc. 
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The  flume  consisted  of  a  3.0'  wide,  2.5'  deep  and  120'  long 
rectangular  channel  with  glass  sides  and  brass  bottom  (Figs.  147  to  149). 

For  detailed  description  of  parts  of  the  apparatus,  see  Ref,  8. 

4.3.  Procedure:  The  flume  was  filled  with  1.7  ram.  diameter  gravel  to 
a  depth  of  about  3h"  the  surface  of  the  gravel,  v/as  made  level.  Nine 
runs  were  made  with  discharges  from  5.52  cfs,  to  1,95  cfs.  with  depths  vary¬ 
ing  from  1,43  ft  to  0.47  ft.  These  runs  v;ere  made  for  sufficient  time  to 
allow  them  to  develop  a  working  condition;  the  times  were  between  15  hours  to 
72  hours.  The  working  regime  condition  v;as  supposed  to  have  been  established 
when  the  particles  composing  the  bed  v;ere  just  on  the  point  of  starting  or 
stopping  and  was  achieved  by  imposing  a  fixed  discharge  and  then  adjusting  the 
depth  by  tail  gate  to  attain  the  desired  condition. 

4.4.  Measurements  recorded:  (a)  Depth,  (b)  Discharge,  Resxilts  are 
in  Table  11. 

4.4.1.  ^^asure^.ent  of  depth:  Depth  measurements  v/ere  taken  from  the 
scales  erected  on  the  tvro  sides  of  the  flume .  In  certain  cases  the  measure¬ 
ments  at  the  centre  were  made  as  v;ell  as  at  the  sides,  using  a  point  gauge 
and  the  mean  was  found. 

4.4.2,  Discharge:  The  discharge  v/as  measured  by  means  of  an  orifice  meter 
in  the  supply  pipe  and  was  checked  by  a  current  meter  in  the  flume.  The 
readings  of  the  meter  were  close  to  those  of  the  current  meter, 

4.5.  Observations :  The  follov/ing  runs  v/ere  made  for  different  runs: 

(i)  Run  No,  1.  Discharge  was  fixed  at  4.4  cfs.  Depth  was  varied 
from  1.10  to  1.15  ft.  Zero  bed  factor  conditions  were  observed  at  1.13 
mean  depth  of  flow,  when  mean  velocity  and  bed  factor  were  1.34 
f.p.s,  and  1,59  respectively. 

For  rest  of  the  runs,  see  Tables  11  and  12, 

4.0  Analysis  of  e:r'~—'.- -  :re^r-l-'--3 :  The  v^riter  repeated,  with 

k 

larger  apparatus,  Bhattacharya' s  e;q)erim3nts  for  C  — 0  a-r.d  four.d  that  F,^^ 
decreases  toward  ;.'hat  v/e  may  expect  from  the  rough  Lacey  laile  as  discharge 
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increases. 

From  Fig.  122  it  is  seen  that  at  a  discharge  of  5.52  cfs.  the  zero 
bed  factor  =  1.22  "while  for  a  discharge  of  1,95  cfs.  it  is  4.23,  Fig.  123 
shows  the  plot  of  F,^^  against  d. 

The  follovdng  interesting  eo;aations  are  obtained  froa  Esf,  1,  Sec.  5.13. 


Assuming  b  unimportant,  the  plot  of  V  against  D  (Figs.  124  and  125*) 
d  d 


means  that,  in  the  appropriate  range,  V  =  constant  and  this  seems  to  be 
indicated  by  Kr,  C.R.  Neill  with  his  bridge  pier  model  with  1.7  ninu  gravel, 
It  also  shows  that  the  old  incorrect  idea  that  scour  occurs  at  a  fixed 
velocity  for  a  given  material  may  be  based  on  small  scale  experiments  and 
is  consistent  with  F^  gernral. 


shows  the  plot  of  V 

d 


against  ^ 
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CHAPTER  V 

SUGGESTIONS  FOR  FUTURE  RESEARCH 

The  present  results  show  that  more  of  the  same  type,  under  various 
conditions  of  gravel  size,  meandering,  etc.  may  be  expected  to  yield  \iseful 
results.  However,  they  also  shovx  that,  for  major  progress,  an  attempt  should 
be  made  to  find  or  create  conditions  where  only  one  variable  changes, at  a  — 
tinie.  In  particular  it  is  essential  to  prevent  k  and  F^q  from  being  unknown 
together.  For  this  purpose  we  need  (i)  Flume  experiments,  such  as  are  being 
initiated  in  the  field  under  Alberta  Research  Council  ty  Mr.  C.  R.  Neill,  in 
which  a  natural  gravel  is  used  and  the  D/d  ratio  is  small  enough,  or  the  q  is 
large  enough,  to  ensure  that  F^^  depends  on  gravel  size  alone  and  not  on  flow 
characteristics,  (ii)  River  observations,  where  there  is  bed  load  charge  only 
at  high  discharges  and,  there  is  no  suspended  load.  Such  observations  are 
being  made  at  lake  outlets  in  British  Columbia  this  summer  by  Mr.  R.  Kellerhals 
and  could  be  made,  possibly  in  Alberta  also,  e.g. ,  at  the  exit  from  Lesser 
Slave  Lake.  Both  these  actions  together  might  lead  to  accurate  assessment  of 
from  D  and  thence  to  accurate  knowledge  about  k.  Thereafter  analysis  of 
more  general  river  conditions  could  proceed  with  F^q  known  and  k  fairly  known 
in  advance. 

Other  matters  deserving  attention  are;  (i)  The  use  of  sonic 
sounders  for  recording  changing  bed  conditions,  (ii)  Measurment  of  sus¬ 
pended  load,  (iii)  Measurements  by  weight  (in  stone  analysis)  even  for 
single  stones,  (iv)  The  recording  of  length,  breadth  and  thickness  for 
stones,  particularly  with  a  view  to  testing  whether  there  are  special  rivers 
with  peculiarly  shaped  stones  that  may  give  peculiar  values  of  F-^^. 
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APPENDIX  'A' 

LIST  OF  SY>!BOLS. 

=  Thickness  of  stone  in  inches. 

or'  : 

5o 

=  Median  thickness  of  stone  in  inches. 

B 

=  Water  surface  breadth. 

b 

=  Breadth  to  be  used  in  regime  slope  formula. 

p  = 

=  Breadth  of  stone  in  inches. 

C 

=  Charge  measured  by  weight  in  parts  per  1  x  10^  parts  of  water. 

D 

s  Diameter  of  particles  or  stones. 

=  Median  diameter  of  particles  or  stones  in  inches. 

d 

=  Mean  depth  of  flow. 

fb  = 

=  Bed  factor. 

D* 

O 

II 

=  Zero  bed  factor. 

cj>  = 

=  Equivalent  spherical  diameter,  Median  eqiai valent  spherical 

diameter  in  inches. 

fs  ‘ 

=  Side  factor. 

g 

=  Acceleration  due  to  gravity. 

cK 

=  Length  of  stone  in  inches. 

K 

k 

=  Meander  coefficient. 

M  • 
X  ■■ 

=  Coefficient  of  viscosity.  'J'  =  coefficient  of  kinematic  viscosity  =  /V ( 
=  A  coefficient  in  the  formula  F-j^q  =  '^yX 

Q 

=  Discharge. 

=  Mass  density  of  fluid. 

=  Mass  density  of  solids. 

s 

=  Slope  of  water  surface. 

S.F.  : 

=  Shape  factor. 

V 

=  Mean  velocity  of  flow. 

All  units  are  expressed  in  lb.  ft.  sec,  xinless  or  otherwise  specified 


.T  .  '.V’  ..  ^S';’* 
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(  TABLES) 


No 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 


-  30  - 

TABLE  NO.  1 


STONE  MEASUREMENTS.  SAMPLE  NO.  1 

(Cross  Section  A^) 


V  fb  cx  No. 


in  ft. 

in  ft. 

in  ft. 

0.75 

0.70 

0.60 

27 

0.70 

0.53 

0.38 

28 

0.6 

0.45 

0.27 

29 

0o45 

0.45 

0.23 

30 

0.30 

0,20 

0.13 

31 

0.23 

0.18 

0.12 

32 

0.20 

0.17 

0.09 

33 

0.20 

o;i5 

0.11 

34 

0.32 

0.30 

0.16 

35 

0.13 

0.10 

0.08 

36 

0.13 

0.13 

0.05 

37 

0.14 

0.10 

0.06 

38 

0.13 

0.08 

0.05 

39 

0.17 

0.14 

0.09 

40 

0.26 

0.20 

0.18 

a 

0.19 

0.13 

0.04 

42 

0.28 

0.16 

0,18 

43 

0.32 

0.17 

0.13 

44 

0.15 

0,08 

0.02 

45 

0.10 

0.06 

0.03 

46 

0,27 

0.17 

0.07 

47 

0,08 

0.06 

0.03 

48 

0.37 

0.15 

0.09 

49 

0.16 

0.15 

0.09 

50 

0.24 

0.19 

0.16 

51 

0.18 

0.11 

0.11 

52 

X  Up 

0.11 

0.1 

0.08 

0.21 

0.15 

0.10 

0.18 

0.13 

0.09 

0.28 

0.2 

0.1 

0,19 

0.15 

0.09 

0.11 

0.06 

0.04 

0.3 

.  0.17 

0,10 

0.35 

0.17 

0.13 

0.33 

0.28 

0.11 

0,18 

0.13 

0.07 

0.09 

0.06 

0.05 

0.14 

0.10 

'0.08 

0.26 

0.14 

0.09 

0,yi 

0,20 

0.08 

0.17 

0.1 

0.08 

0.23 

0.17 

0.09 

0,20 

0.15 

0.08 

0.29 

0.13 

0.10 

0.40 

0,30 

0.23 

0.23 

0.12 

0.07 

0.43 

0.34 

0.24 

0,13 

0.07 

0.05 

0.18 

0.10 

0,08 

0.12 

0.11 

0.05 

0.23 

0.19 

0.12 

0.14 

0.10 

0.05 
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TABLE  No.  I  (cont'd.) 

No.  V  ^  CK  No.  V  P*  o< 


53 

in  

0.23 

.in  

1 

0.18 

An,  

0.13 

81 

0.35 

j 

in  10. 

0.19 

An  .i-Va 

0.12 

54 

0.12 

0.08 

0i05 

82 

0.42 

0.27 

0.15 

55  - 

0,24 

0.15 

0.08 

83 

0.46  1 

1 

0.37 

0.18 

56 

0.26 

0.15 

0.13 

84 

0.23  1 

1 

0.20 

0.14 

57 

0.11 

0.06 

0,03 

,  85 

0.20 

0.14 

0.08 

58 

0.24 

0.19 

0.10 

86 

0.23 

0,16 

0.10 

59 

0.40 

•  0.37 

0.28 

87 

0,33 

0.18 

0.15 

60 

0.34 

0.18 

0.12 

88 

0.19 

0.18 

0.10 

61 

0.20 

0.13 

0.10 

.  89 

0.27 

0.22 

0.10 

62 

0.25 

0.15 

0.1 

90 

0.43 

0.35 

0.18 

63 

0.09 

0.1 

0.07 

91 

0.43 

0.26 

0.25 

64 

0.27 

0.16 

0.04 

92 

0.4 

0.32 

0.2 

65 

0.20 

0.12 

0.04 

93 

0.25 

0.15 

0.05 

66 

0.43 

0.33 

0.18 

.  9^ 

0.28 

0.23 

0.12 

67 

0.21 

0.17 

0.06 

95 

0.16 

0.13 

0.09 

68 

0.16 

0.08 

0.05 

■  96 

0.37 

0.27 

0.20 

69 

0.14 

0.10 

0.06 

97 

0.38 

0.30 

0.21 

70 

0.28 

0.23 

0.17 

98 

0.57 

0.34 

0.26 

71 

0.25 

0.20 

0.06 

99 

0.23 

0.14 

0.06 

72 

0.22 

0.18 

0.08 

100 

0.09 

0.07 

0.06 

73 

0.22 

0.18 

0.09 

101 

0.38 

0.33 

0.18 

74 

0.29 

0.15 

0.10 

102 

0.23 

0.18 

0.10 

75 

0.21 

0.12 

0.10 

103 

0.29 

0.22 

0.17 

76 

0.10 

0,08 

0.05 

104 

0,24 

i  0.16 

i 

0.12 

77 

0.19 

0.11 

0.07 

105 

0.32 

'  0.23 

i 

0.24 

78' 

1  0.20 

0.13 

0.1 

106 

1 

0.31 

1  0.17 

0.08 

79 

1 

0.15 

0.11 

0.06 

11 

!  107 

0.18 

:  0.17 

0.08 

80 

0.20 

0.12 

0.07 

108 

0.17 

0.13 

0.05 
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XABLQg^ .  '.d*  I 


No. 

V 

in  ft. 

P 

in  ft. 

in  ft. 

No. 

y 

in  ft. 

in  ft. 

in  ft. 

109 

0.21 

0.15 

0.08 

113 

0.48 

0.44 

0.35 

no 

0.39 

0.30 

0.20 

114 

0.65 

0.47 

0.34 

in 

0.07 

0.04 

0.04 

115 

0.16 

0.08 

0.04 

112 

0.08 

0.05 

0.03 

116 

0.14 

0.06 

0.04 
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TABLE  NO.  2 

STONE  mSUREMENTS.  SAMPLE  NO.  2 

(Cross  Section  A^) 


No. 

V 

in  ft. 

P 

in  ft. 

of 

in  ft. 

4> 

in  in. 

No. 

*9 

in  ft. 

in  ft. 

<K 

in  ft. 

in  in. 

1 

0.28 

0.26 

0.19 

3.10 

28 

0.48 

0.27 

0.25 

4.20 

2 

0.35 

0.25 

0.14 

3.14 

29 

0.38 

0.35 

0.10 

2.30 

3 

0.28 

0.17 

0.08 

1.68 

30 

o.a 

0.35 

0.16 

2.96 

4 

0.30 

0.23 

0.09 

2.39 

31 

0.29 

0.23 

0.09 

1.82 

5 

0.34 

0.29 

0.16 

3.00 

32 

0.24 

0.20 

0.11 

1.85 

6 

0.30 

0.21 

0.16 

2.78 

33 

0.23 

0.15’ 

0.10 

1.84 

7 

0.25 

0.21 

0.11 

2.20 

34 

0.19 

0.13 

0.07 

i.a 

8 

0.32 

0.24 

0.16 

2.88 

35 

0.15 

0.10 

0.03 

0.78 

9 

0.35 

0.25 

0.23 

3.77 

36 

0.20 

0.14 

0.03 

0.80 

10 

.  0.40 

0.33 

0.19 

3.54 

37 

0.16 

0.13 

0.08 

0.65 

11 

0.12 

0.11"^' 

0.04 

0.84 

38 

0.19 

0.13 

0.10 

1.70 

12 

0.26 

0.15 

0.15 

2.46 

39 

0.11 

0.08 

0.04 

0.82 

13 

0.21 

0.15 

0.08 

1.56 

40 

0.10 

0.06 

0.04 

0.82 

14 

0.29 

0.21 

0.13 

3.02 

a 

0.27 

0.22 

0.09 

1.89 

15 

0.20 

0.15 

0.05 

1.13 

42 

0.23 

0.13 

0.04 

1.00 

16 

0.28 

0.22 

0.18 

3.02 

43 

0.25 

0.12 

0.04 

0.92 

17 

0.19 

0.16 

0.08 

1.55 

44 

0.14 

0.09 

0.04 

0.86 

18 

0.37 

0.34 

0.22 

3.86 

45 

0.17 

0.13 

0.05 

1.08 

19 

0.60 

0.43  ' 

0,31 

5.46 

46 

0.09 

0.07 

0.06 

0.97 

20 

0.62 

0.23 

0.15 

3.06 

47 

0.09 

0.06 

0.06 

0.95 

21 

0.25 

0.23 

0.18 

2.70 

48 

0.12 

0.09 

0.05 

0.96 

22 

0.50 

0.34 

0.20 

3.80 

49 

0.13 

0.10 

0.07 

1.23 

23 

0.14 

0.08 

0,01 

3.28 

50 

0.14 

0.08 

0.02 

1.13 

24 

0.51 

0.39 

0.22 

3.88 

51 

0.17 

0.16 

0.09 

1.63 

25 

0.53 

0.34 

0.34 

4.86 

52 

0.11 

0.08 

0.05 

0.92 

26 

0.75 

0.50 

0.27 

4.92 

.  53 

0.15 

0.11 

0.09 

1.50 

27 

0.49 

0.32 

0.20 

4.05 
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TABLE  NO.  3 

STONE  MEASUREMENTS,  SAMPLE  NO.  3 

(Cross  Section  ) 


No. 

v> 

in  ft. 

P 

in  ft. 

oC 

in  ft. 

in  in. 

No. 

in  ft. 

in  ft. 

«>< 

in  ft. 

4> 

in  in. 

1 

0.58 

0.33 

0.12 

2.77 

27 

0.49 

0,42 

0,23 

4.36 

2 

0.33 

0,19 

0.17 

2.99 

28 

0.15 

0.10 

0.08 

1.33 

3 

0,40 

0.35 

0.19 

3.58 

29 

0.23 

0.21 

0.16 

2.70 

4 

0.29 

0.22 

0.18 

3.00 

30 

0.21 

0.14 

0.10 

1.80 

5 

0.51 

0.30 

0.15 

3.10 

31 

0.13 

0.10 

0.08 

1.35 

6 

0.29 

0.18 

0.17 

2.80 

32 

0.15 

0.10 

0.03 

0.72 

7 

0.20 

0.11 

0.04 

0.93 

33 

0.14 

0.09 

0.04 

0.84  • 

8 

0.19 

0.16 

0.12 

2.04 

34 

0.18 

0.10 

0.08 

1.43 

9 

0.11 

0.08 

0.08 

1.27 

35 

0.33 

0.30 

0.15 

2.87 

10 

0.38 

0.27 

0.18 

3.27 

36 

0.38 

0.34 

0.14 

2.87 

11 

0.25 

0.17 

0.08 

1.65 

37 

0.22 

’  0.14 

0.07 

1.45 

12 

0.37 

0.32 

0.17 

3.22 

38 

0.09 

0.06 

0.03 

0.60 

13 

0.22 

0.16 

0.10 

1.85 

39 

0.11 

0.09 

0.03 

0.62 

14 

0.10 

0.08 

0,06 

1.04 

40 

0.23 

0.11 

0.10 

1.73 

15 

0.17 

0.12 

0.05 

1.09 

41 

0.26 

0.23 

0.10 

2.02 

16 

0.55 

0.39 

0.16 

3.42 

42 

0.21 

0.13 

0.08 

1.52 

17 

0.26 

0.17 

0.15 

2.51 

43 

0.20 

0.09  . 

0.07 

1.31 

18 

0.35 

0.28 

0.15 

2.97 

44 

0.34 

0.23 

0.15 

2.75 

19 

0.13 

0.11 

0.04 

0.87 

45 

0.16 

0.11 

0.10 

1.64 

20 

0.23 

0.14 

0.06 

1.30 

46 

0.19 

0.17 

0.13 

2.16 

21 

0.10 

0.08 

0,05 

0.90 

47 

0.12 

0.08 

0.O4 

0.81 

22 

0.19 

0.10 

0.03 

0.75 

48 

0.12 

0.11 

0.02 

0.54 

23 

0.17 

0.14 

0.07 

1.37 

49 

0.10 

0.08 

0.04 

0.79 

i 

24 

1  0.18 

0.16 

0.09 

1.66 

50 

0.16 

0.08 

0.05 

i  j. .  o  D 

25 

0.51 

0.40 

0.13 

2.96 

51 

0.10 

0.08 

0.04 

0.79 

26 

0.35 

0.33 

0.14 

2.50 

52 

0.51 

0.37 

0.21 

4.00 
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TABLg_NO.  3  (cont'd) 


No. 

in  ft. 

in  ft. 

in  ft. 

4» 

in  in. 

No. 

T 

in  ft.. 

in  ft.  . 

o< 

in  ft. 

in  1-. 

53 

0.48 

0.38 

0.12 

2.73 

81 

0,24 

0,16 

0.10 

1,86 

54 

0.15 

0.10 

0.08 

1.38 

82 

0.16 

0.10 

0.07 

1.23 

55 

0.25 

0.15 

0.06 

1.34 

83 

0.43 

0.34 

0.24 

4.14 

56 

0.10 

0.09 

0.05 

0.93 

84 

0.27 

0.15 

0.11 

2.00 

57 

0.22 

0.17 

0.14 

2.40 

85 

0,29 

0.26 

0.14 

2.61 

58 

0.42 

0.18 

0.10 

2.10 

86 

0.33 

0.33 

0.17 

3.16 

59 

0.14 

0.09 

0.07 

1.23 

87 

0.39 

0.32 

0.21 

3.71 

60 

0.19 

0.18 

0.12 

2.10 

88 

0.43 

0.42 

0.18 

3.60 

61 

0.43 

0.35 

0.19 

89 

0.27 

0.19 

0.13 

2.30 

62 

0.34 

0.26 

0.17 

3.04 

90 

0.20 

0.16 

0.13 

2.10 

63 

0.32 

0.21 

0.13 

2.50 

91 

0.30 

1 

0.21 

0.08 

1.70 

64 

0.20 

0.15 

0.09 

1.70 

92 

0.31 

0.19 

0.14 

2.50 

65 

0.28 

0.22 

0.08 

2.10 

93 

0.13 

0.07 

0.05 

0.90 

66 

0.42 

0.29 

0.11 

2.44 

94 

1 

0.23 

0.14 

0.07 

1.40 

6? 

0.22 

o'.  10 

0.06 

1.21 

95 

0.14 

0.09 

0.07 

1.22 

68 

0.25 

0.18 

0.11 

2.62 

96 

0.19 

0.14 

0.11 

1.86 

69 

0.39 

0.32 

0.19 

3.52 

97 

0.17 

0.16 

0.08 

1.51 

70 

0.26 

0.22 

0.12 

2.26 

98 

0.11 

0.08 

0.04 

0.636 

71 

0.20 

0.17 

0.09 

1.74 

99 

0.12 

0.07 

0.03 

0.522 

72 

0.24 

0.13 

0.06 

1.30 

100 

0.07 

0.07 

0.02 

0.364 

73 

0.18 

0.12 

0.06 

1.20 

101 

0.17 

0.13 

0.08 

1.59 

74 

0.20 

0.19 

0.10 

1.87 

102 

0.12 
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TABLE  NO.  9 


AS 

VALUES  OF  CHARGE 

ASSESSED  FROM  THE 

FOR  VARIOUS  FLOODS 

REGIl^E  SLOPE  FORI^A 

Rerar 

Flood 
%  by  time 
equalled  or 
exceeded 

Quantity 
of  Flood 
in  cfSo 

Charge  "C" 
in  parts 

per  1  X  lO^parts 
of  v/ater  by  ’-'t. 

1^ 

80,000 

4.50 

2^ 

65,000 

4o45 

% 

47,000 

4.05 

10^ 

35,000 

3o75 

Fairly  good 

20^ 

25,000 

3..  36 

re  SI 

lilts. 

25^ 

22,000 

3.26 

30^ 

19,500 

3o08 

33^ 

17,000 

2.98  , 

h0% 

’  16,000 

2.88 

50% 

13,000 

2,60 

60% 

10,500 

2.40 

10f% 

8,400 

2,20 

Max.  so  far 

56,000 

3.94 
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TABLE  NO.  10 

VALUES  OF  ^  IN  THE  FORMULA  F,  =  ^/vd”. 

bo  rnx 

for  F^^  -  A.O 


BY  NUMBER 


Sajnple 
Taken  from 
Cross 

Spcti on 

Doi 

=  c< 

so 

in  in* 

X 

^mi 

cj> 

50 

A2 

1.30  ■ 

,',50 

2.02 

A3 

1.26 

51 

1.95 

A4 

1.13 

57 

1.75 

1.23 

52 

1.90 

^6 

lo42 

45 

2.20 

h 

lo45 

44 

2.24 

As 

1.35 

48 

2.09 

A^ 

1.3 

50 

2.01 

^10 

1.25 

51 

1.94 

^II 

1.25 

51 

1.94 

^2 

1.10 

58 

1.70 

^29 

1.70 

38 

2.63 

^30 

1.35 

48 

2.09 

Si 

1.40 

46 

2.17 

BY  WEIGHT 


X  ' 

^mi 

”  *^50 

in  in* 

X 

mi 
-  cb 

^50 

in  in. 

A 

32 

4.0 

16 

6.2 

10 

33 

2.52 

25 

3.90 

16 

37  • 

2.32 

28 

3.60 

18 

34 

2.52 

25 

3.90 

16 

29 

2.52 

25 

3.90 

16 

29 

2.90 

22 

4.5 

14 

30 

2.60 

25 

4.04 

16 

32 

2.80 

23 

4.34 

15 

33 

2.70 

24 

4.18 

15 

33 

2.25 

28 

3.5 

18 

38 

2.50 

26 

3.88 

17 

24 

2.6 

25 

4.04 

16 

31 

2.6 

25 

4.04 

16 

29 

2.3 

28  . 

3.56 

18 
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TABLE  NO.  11 

MEASUREMENTS  AND  OBSERVATIONS  1-IADE 
IN  THE  FLUI-E  EXFERIt^NT 

(1.7  MM.  GRAVEL) 


Mean 


RUN 

NO. 

Test 

No. 

Q 

in  cfs. 

Depth 
in  flow 
ft. 

Mean 

Velocity 
ft. /sec. 

Remarks 

1 

1 

4.4 

1.15 

1.31 

Sheet  flow 

2 

4.4 

1.13 

1.34 

■^ould  be  Fl  conditions  -  very 
very  slight “movement  by  rolling 

3 

4o4 

1.12 

lo35 

Dunes  -  Indefinite.  Appreciable 
movement  by  rolling  and  sliding 

4 

4.4 

1.10 

1.37 

Dunes  -  slightly  definite 

2 

5 

lo95 

0.60 

1,11 

Slight  sheet  flow 

6 

lo95 

0,55 

1.20 

Slight  sheet  flow 

7 

1.95 

0,50 

1.34 

Sheet  flow 

8 

l’.95 

0.48) 

0.47) 

1.42 

^ould  be  F,  conditions 
bo 

9 

lo95 

0.40 

1o67 

D;ines 

10 

lo95 

0,45 

1,48 

Appreciable  movement  of  the 
grains  by  rolling 

3 

11 

2.10 

0,70 

1.03 

Bed  inactive 

12 

2.10 

0,65 

1.11 

Bed  inactive 

13 

2.10 

0,60 

1.20 

Slight  sheet  flow 

14 

2.10 

0,58 

1.24 

Slight  sheet  flow 

15 

2,10 

0,57 

1.27 

Sheet  flow 

16 

2ol0 

0,54 

1.33 

Sheet  flow 

17 

2,10 

0,52 

1.39 

Sheet  flow 

18 

2,10 

0,50 

1.44 

•^ould  be  F^q  conditions  -  very 
slight  movement  by  rolling  and 
sliding. 

19 

2.10 

0.49 

1.47 

D\ines  indefinite 

’*  ■"i^'OTwr"  .■f', 

JMfl  (yt|i^<ii||n|i  iiiiilin,  ■■•^  iinh«ji>  Wallin  I  iwnii  >|[ii^ii<j(|M|^i||||^fc^ 
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TABLE 

No.  11  (c 

ont'd.) 

Rxin 

liO^ 

Test 

No. 

Q 

in  cfs. 

Kean 

Depth 
in  flow 
ft. 

Mean 
Velocity 
Ft. /sec. 

Remarks 

3 

20 

2.10 

0.48 

1.50 

Dunes  indefinite 

21 

2.10 

0.45 

1.60 

Dunes  indefinite 

4  . 

22 

2.47 

0.83 

1.02 

Bed  inactive 

23 

2.47 

0.82 

1.03 

Sheet  flow 

24 

2.47 

0.75 

1.13 

Sheet  flow 

25 

2.47 

0.69 

1.23 

Sheet  flow 

26 

2.47 

0.68 

1.25 

Sheet  flow 

27 

2.47 

0.66 

1.28 

Sheet  flow 

28 

2.47 

0.61 

1.39 

Movement  (small)  by  rolling  may  be 
.  Could  be  condition 

29 

2.47 

0.60 

1.41 

♦ 

Could  be  F^q  conditions  -  Movement 
may  be  -  less  than 

30 

2.47 

0.58 

1.46 

Indefinite  dune  formation 

5 

31 

3.00 

0.92 

1.12  ' 

Sheet  flow 

32 

3.00 

0.85 

1.21 

Sheet  flow 

33 

3.00 

0.79 

1.3 

Sheet  flow 

34 

3.00 

0.73 

1.41 

Sheet  flow  (slight  movement  by 
rolling)  could  be  F^q  condition 

35 

3.00 

0.72 

1.43 

♦ 

Could  be  F^q  conditions  (very  slight 
movement  by  rolling)  Rolling  may 
be  i”  -  i" 

36 

3.00 

0.65 

1.58 

Dune  formation  (very  large  move¬ 
ment  by  rolling 

37 

3.00  , 

0.68 

1.51 

Large  movement  by  rolling  &  sliding 

38 

3.00 

0.69 

1.49 

Large  movement  by  rolling  &  sliding 

6 

39 

3.^7 

0.95 

1.25 

Sheet  flow 

40 

3.^7 

0.90 

1.32 

Slight  sheet  flow 

41 

3.^7 

0.88 

1.35 

Sheet  flow 

42 

3.^7 

0.85 

1.40 

Sheet  flow 
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Run 

Test 

Nn. 

Q 

in  cfs. 

TABLE  NO. 

Mean 
Depth 
in  flow 
ft. 

11  (cont'd.) 

Mean 
Velocity 
Ft. /sec. 

Remarks 

6 

43 

3M 

0.82 

1.45 

Appreciable  movement  by  rolling. 

May  be  more  than  on  average 

44 

3.^7 

0.83 

1.43 

♦ 

Could  be  F-j^^  conditions 

3.^7 

0.80 

1.49 

Very  small  (indefinite  dune  forma¬ 
tion) 

7 

46 

4.08 

1.10 

1.27 

Vei^  slight  shee  flow 

47 

4.08 

1.08 

1.30 

Sheet  flow 

48 

4.08 

1.01 

1.39 

Sheet  flow 

49 

4.08 

0.97 

1.44 

Very  slight  movement  by  rolling 
(liay  be  F^q  condition) 

50 

4.08 

0.98 

1.43 

Could  be  F^q  conditions.  (Very 
very  small  movement  by  rolling  - 
may  be  4"  - 

51 

4.08 

0.90  ' 

1.56 

Large  movement  by  rolling,  by  slid¬ 
ing,  rolling  &  little  saltation. 
(Indefinite  dune  formation) 

52 

4.08 

0.95 

1.48 

Rapid  movement  by  rolling  (t"  or  so) 

53 

4.08 

0.94 

1.49 

Movement  by  rolling  -  more  than  i" 

8 

5^ 

5.0 

1.40 

1.22 

Sheet  flow 

55 

5.0 

1.37 

1.25 

Sheet  flow 

56 

5.0  ^ 

•  t 

1.36 

1.26 

Sheet  flow  (occasional  rolling).  ■2" 
May  be  F^^  condition 

57 

5.0 

1.35 

1.27 

♦Could  be  F-j^  conditions  (Bed  may  be 
on  the  point  of  moving) 

9 

58 

5.52 

1.50 

1.26 

Sheet  flow 

59 

5.52 

1.45 

1.31 

Slight  movement  by  rolling  (f"  or 
so)  -  could  be  F^q  conditions 

60 

5.52 

1,42 

1.33 

Slight  movement  by  rolling  -  could 
be  F^q  conditions 

61 

5.52 

lAj 

.1.32 

^Could  be  F'^jq  conditions  -  slight 
movement  by  rolling  ? 
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TABLE  NO.  11  (cont'd.) 


Run 
N9.  ‘ 

Test 

No. 

Q 

in  cfs. 

Kean 
Depth 
in  flow 
ft. 

Kean 
Velocity 
Ft. / sec. 

Remarks  . 

9 

$2 

5.52  • 

1.39 

1.36 

Large  movement  ty  rolling  (Kore 

than  1" ) 

63 

5.52 

1.38 

1.37 

Large  movement  ty  rolling  and 

sliding  (Indefinite)  Dune  form, 
ation. 


*  It  was  considered  as 


conditions. 
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TABLE  NO.  12 

CALCULATIONS  FOR  THE  ANALYSIS  OF  THE  EXPERIMENT  DATA 

Note:  (Breadth  of  waterway,  b  r  2,92  ft,) 

V 

d  Mean 


Run 

No. 

Q 

Discharge 
in  cfs. 

Mean  depth 
of  flow 
in  ft. 

Velocity 

in 

ft. /sec. 

F.  -  v2 
bo  -- 

D/d 

VD 

D 

1 

4o4 

1.13 

1.34 

1.59 

xlO~^ 

4.95 

xl02 

7.45 

xlO-2 

22.3 

2 

lo95 

0o47 

1.42 

4.28 

11,90 

7.90 

53.5 

3 

2.10 

0,50 

1.44 

4.16 

11,20 

8.0 

50.4 

4 

2o47 

0.60 

i.a 

3.30 

9.30 

7.85 

a. 80 

5 

3.00 

0,72 

1.43 

3.08 

7.75 

7o95 

34.90 

6 

3.47 

0,83 

1.43 

2,4S 

6,23 

7.95 

28.0 

7 

4.08 

0,98 

1.43 

2,10 

5.70 

7.95 

25.70 

8 

5o0 

1.35 

1.27 

1.19 

4.14 

8,91 

18.60 

9 

5.52 

1.43 

1,32 

1,22 

3.90 

7.35 

17.60 

1 
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FIG- I-  AERIAL  PHOTOGRAPH  SHOWING  THE  RED  DEER  RIVER 

LEGEND:  A, -  CROSS  SECTION  NO- 

03 - WATER  SURFACE  SLOPE  STATION  NO*  SCALE  1"  =  3333' 
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FIG*  2*  AERIAL  PHOTOGRAPH  SHOWING  THE  RED  DEER  RIVER 


LEGEND: 


A3 

78 


CROSS  SECTION  NO¬ 
WATER  SURFACE  SLOPE  STATION  NO¬ 


SCALE  r=3333' 


57 


FIG- 3-  AERIAL  PHOTOGRAPH  SHOWING  THE  RED  DEER  RIVER 

LEoEND:  -  CROSS  SECTION  NO' 

65  -  vVATER  SURFACE  SLOPE  STATION  NO'  SCALE  r'=3333‘ 


FIG*  4-  AERIAL  PHOTOGRAPH  SHOWING  THE  RED  DEER  RIVER 


A 


i8 


LEGEND 


39 


CROSS  SECTION  NO¬ 
WATER  SURFACE  SLOPE  STATION  NO¬ 


SCALE  l"  =  3333 
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Fig,  126  -  Bed-load  sample 


Nnr 

of  cross-section  A2  . 


Fig.  127  -  Bed-load  sample  of  crosa-section  A3  . 


Fig,  129  -  Bed-load  saaiple  of  cross-section  . 
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Fig.  128 
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Fig,  131  -  Exposed  bed  between  cross-sections  and  , 
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Fig,  132  -  Left  hand  bank  near  A2  looking  downstream. 


Fig,  133  -  Central  pier  of  the  railway  bridge  and  left 
hand  bank  near  A2  looking  upatrean. 


Fig,  135  -  Left  hand  banks  between  Ag  and  looking  downstre 
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Fig.  136  -  Exposed  bed  material  downstream  of  Red  Deer  highway  bridge. 


Fig,  137  -  Red  Deer  highway  bridge  looking  upstrea*. 


Il 

Fig.  139  -  Highway  and  railway  bridges  at  Red  Deer 

looking  upstream. 


Fig.  138  -  Left  hand  banks  near  Ag  looking  downstream. 
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Fig,  140  -  General  view,  near  looking  downstream. 
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Pig,  141  -  Right  hand  banks  near  looking  downstream. 
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Fig.  142  -  Right  hand  banks  near  A^g  looking  dovmstream. 


Fig.  143  “  Ri<?ht  hand  banks  near  looking  upstream 
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Fig,  144  -  General  view  of  the  river  near  A 
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Fig.  145  -  Exposed  bed  material  near 
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Fig.  147  -  The  flume. 


Fig.  148  -  The  flume 
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